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Introduction
Nanoparticles (NPs) are widely used in health and fitness fields such as cosmetics, clothing, personal care, sporting goods, and sunscreen products. Moreover, NPs are expected to be applied in the fields of diagnosis, imaging, and drug delivery. One of the most commonly used types of NPs is zinc oxide (ZnO) NPs. 1 As ZnO NPs absorb ultraviolet light, they have been used in sunscreen products. 2, 3 In addition, ZnO NPs have been explored as photoconductive materials in electronics, including cellular phones and iPods. 4, 5 However, nanomaterials are associated with problems, including toxicity and their environmental impact. Furthermore, limited information is available about the toxicity and mechanisms underlying the toxic effects of NPs.
Because ZnO NPs are the most commonly utilized nanomaterials in various consumer products, many studies have shown the toxic effects of ZnO NPs in several experimental models, including cell lines, bacteria, nematodes, algae, plants, and fish. 6, 7 In particular, in vivo study is considered necessary to investigate the toxic effect of NPs in biological systems, which would stress the importance of local toxicity from the administration of NPs. Before evaluating the potential toxicity of NPs, it is important to understand how living organisms are exposed to them. Exposure can occur through the lung (inhalation), skin (dermal absorption), or digestive system (oral ingestion), as shown by a number of in vivo studies on the nanotoxicity of ZnO NPs. 8, 9 For example, after oral administration of 30 nm ZnO NPs for 14 days to mice, ZnO NPs significantly accumulated in the liver and caused oxidative stress mediated by DNA damage and apoptosis. 10 Similarly, ZnO NPs caused impairment of mitochondria and cell membranes in rat kidneys after oral administration of ZnO NPs for 14 days. 11 Repeated application through dermal routes for 28 days decreases the collagen level at the site of application, which may be induced by oxidative stress. 12 These results suggest that nanotoxicity of ZnO NPs may be mediated by induction of oxidative stress similar to their in vitro toxic mechanisms. However, as these observations regarding nanotoxicity from short-term exposure studies are still limited, long-term exposure studies are required to determine the potential chronic toxicity of ZnO NPs. In spite of the importance of repeated toxicity studies, only a few in vivo studies have been performed to examine the toxicity of ZnO NPs through oral administration for 90 days.
It is well known that the toxicity of NPs may depend on their physicochemical properties, such as particle size, particle shape, surface area, and surface charge. For example, Pasupuleti et al 13 reported differences in nanotoxicity between nanosized ZnO and microsized ZnO particles after 14-day oral administration to Sprague Dawley (SD) rats. They found that incidences of lesions in the liver, pancreas, heart, and stomach were higher in rats treated with low doses of NPs than in those treated with high doses; however, high doses of the microsized NPs caused more lesions than the low doses. In addition, Ho et al 14 found that mass and surface area were effective metrics responsible for the toxicity of ZnO NPs through inhalation exposure. These results suggest that particle size and dose metrics are key concepts of nanotoxicology and need to be considered while evaluating the toxicity of manufactured NPs. Another critical factor for nanotoxicity is surface charge, especially ligands, which modify their surface and are considered to affect cellular responses to NPs. Some in vitro toxicity studies reported that positively charged NPs had higher cellular uptake and cytotoxicity. 15, 16 Recently, Yin et al 17 reported that coated ZnO NPs, which produce differences in zeta potential, showed significant genotoxicity compared with uncoated ZnO NPs in in vitro systems. However, information regarding the charge effect of NPs on in vivo toxicity is very limited because of the complexity and dissolution property of in vivo systems.
In the present study, we performed a 90-day toxicity study of 100 nm ZnO NPs with different surface charges (negatively charged, ZnO AE100 [−] , and positively charged, ZnO AE100 [+] ) administered by gavage to SD rats to determine their no observed adverse effect level (NOAEL) and to identify target organs.
Materials and methods

Preparation of NPs
We purchased 100 nm ZnO NPs from American Elements (Los Angeles, CA, USA, Lot Number 1871511079-673). The surface charge was modified with coating reagents, citrate (for [-] , the L-serine (Sigma-Aldrich, CAS No 56-45-1) was dissolved in 20 mM HEPES buffer, which was set to pH 6 by using 1 M Na 2 CO 3 solution. The final concentration of sodium citrate and L-serine was 1 w/v% in 20 mM HEPES buffer solution. Before initiating this study, the physicochemical properties (including the primary particle size, morphology, hydrodynamic size, and zeta potential) of the two test articles were verified. 18 The dose formulations were prepared once a day throughout the study. The formulated test articles was freshly homogenized by vortexing before administration.
experimental animals and animal husbandry
Six-week-old Crl:CD(SD) specific pathogen-free rats, which are being used widely in safety evaluations, including repeated-dose toxicity studies and recommended animal species in Organisation for Economic Co-operation and Development test guideline 408, 19 were obtained from Orient Bio Inc. (Gyeonggi-do, Korea). We used 25 animals of each sex for the dose range finding (DRF) study and 65 animals of each sex were used for the 90-day repeated-dose oral toxicity study. Animals were housed in stainless wire cages (270 W × 500 D × 200 H mm), two animals per cage, in the animal room, which was maintained at a temperature of 21.0°C-23.1°C, relative humidity of 42.6%-54.5%, with light hours from 8 am to 8 pm (150300 Lux), and ventilation frequency ten to 30 times
International Journal of Nanomedicine 2014:9 (Suppl 2) submit your manuscript | www.dovepress.com
Dovepress
111
repeated-dose 90-day oral toxicity of 100 nm zinc oxide nanoparticles per hour. Rodent feed and water were sterilized with 2.0 Mrad radiation and ultraviolet radiation, respectively, and both were available ad libitum. All animals were acclimated and quarantined for 8 days in an animal room of the health care institute. This study was performed in compliance with Good Laboratory Practice (GLP) and in accordance with the regulations for the care and use of laboratory animals in the Health Care Research Laboratory in the Korea Testing and Research Institute (Institutional Animal Care and Use Committee, 2010) based on the Animal Protection Act No 10995 (2011, complete revision). 20 
14-day DrF study
After acclimatization and quarantine, 25 male and female healthy animals selected for this study were randomly distributed into groups of approximately equal initial mean body weights. On the basis of the result of a preliminary acute oral pharmacokinetics absorption study (data not shown), in which no significant effect was observed in the 2,000 mg/kg group, the high dose for the 14-day study was set to 2,000 mg/kg body weight, and the middle and low doses were 1,000 mg/kg and 500 mg/kg body weight, respectively. Distilled water and a vehicle solution were administered to the negative and vehicle control groups, respectively. Vehicle control and all ZnO NP treatment groups consisted of five rats of each sex, and the negative control group consisted of two rats of each sex. Body weight ranges at dosing were 183.8-204.9 g for males and 145.8-162.2 g for females. The test articles were administered by oral gavage between 9 am and 12 midday, and the dose volume was 10 mL/kg for all groups. Clinical signs and body weight were observed throughout the 14-day experimental period, and gross findings were observed on the scheduled necropsy day.
90-day repeated oral toxicity study
After acclimatization and quarantine, 65 male and female healthy animals selected for this study were randomly distributed into groups of approximately equal initial mean body weights. Significant effects were observed at 1,000 mg/kg and 2,000 mg/kg body weight in the 14-day repeated-dose study (data not shown), and thus the high dose of this study was set to 500 mg/kg, and the middle and low doses were 125 mg/kg and 31.25 mg/kg body weight, respectively. Distilled water and a vehicle solution were administered to the negative control and vehicle control groups, respectively. Recovery was observed during the 2 weeks after the end of the administration in the 500 mg/kg, vehicle control, and negative control groups. Negative control, vehicle control, and high-dose groups consisted of 15 rats of each sex, and the low and middle dose groups consisted of ten rats of each sex. Body weight ranges at dosing were 181.2-196.1 g for males and 150.9-168.5 g for females. The test article was administered into the stomach by oral gavage. After examining the body weight just before the administration and once a week thereafter, the administration volume was calculated to be 10 mL/kg. The test article was administered 7 days/ week once daily for 90 days. Test items included clinical observation, body weight, feed and water consumption, urinalysis, ophthalmological test, necropsy, organ weight, hematological and biochemical analysis, and histopathological observation.
Observation and examination items clinical signs
During the test, all animals were observed once daily after treatment for death or clinical signs of toxicity.
Feed and water consumption
Feed and water consumption was recorded daily after the starting date of treatment. Consumption was calculated from the differences between the supplied amounts and the remaining amounts measured the next day.
Urinalysis
Urinalysis was performed in five animals per group of both sexes during the last week of the administration using Bayer Diagnostics Multistix 10 SG strips (Siemens AG, Munich, Germany) and a Clinitek 500 urine analyzer (Siemens AG). Specific gravity; pH; leukocyte count; level of protein, glucose, ketone bodies, uroblilinogen, bilirubin, blood, and nitrite; and color were examined in urinalysis. Microscopic examination of urinary sediments was performed for the following items: urine amount, red blood cell, white blood cell, epithelial cell, cast, and crystal in the fresh urine. Urine was collected from five animals of each sex in the control and high-dose groups by keeping the animals in metabolic cages for 3 hours. The urine volume was measured using the urine collected for 24 hours.
Ophthalmological test
In the negative control and high-dose groups, the eyes were examined before grouping and during the last week of the experiment, and the ocular fundus was observed through a fundus camera (Genesis; Kowa, Tokyo, Japan) after the pupil was dilated using a mydriatic drug (atropine [Ocu-tropine]; Samil Pharm Co, Seoul, Korea).
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Necropsy and organ weight
Necropsy examination was performed on moribund and dead animals, which were found immediately. After the blood samples were collected under deep anesthesia with isoflurane, the animal was killed by exsanguination. The external surface, all orifices, and all organs in the cranial cavity and thoracic and abdominal cavities and their contents were examined. Tissues were collected from all animals and preserved for microscopic examination, as described in the section "Histopathological examination". After necropsy, the absolute and relative (organ-to-body-weight ratio) weights of the major organs were measured in all survivors when they were killed. The major organs included the liver, kidney, spleen, adrenal gland, testis, ovary, brain, pituitary gland, lung, heart, thymus, uterus, prostate, epididymis, and submaxillary gland.
hematological analysis
The animals were fasted overnight before necropsy. Blood was collected from the abdominal aorta under anesthesia with isoflurane. We collected 3 mL of blood in a CBC (counting blood cells) bottle (ethylenediaminetetraacetic acid 3 K; Becton, Dickinson and Company, Franklin Lakes, NJ, USA) and analyzed it using an autohematoanalyzer (ADVIA120E; Siemens AG). Other blood was transferred into vacutainer tubes (sodium citrate 3.2%; Becton, Dickinson and Company) and centrifuged at 3,000 rpm for 10 minutes. The plasma was separated and used to determine clotting time by using a coagulometer (ACL 7000; Instrumentation Laboratory, Bedford, MA, USA). Hematological parameters were as follows: total leukocyte and differential leukocyte (neutrophil, lymphocyte, monocyte, eosinophil, and basophil) counts, total erythrocyte count, hemoglobin concentration, hematocrit (Ht) level, mean cell volume (MCV), mean cell hemoglobin (MCH), mean cell hemoglobin concentration (MCHC), reticulocyte, platelet, prothrombin time, and activated partial thromboplastin time.
Blood biochemical analysis
Blood was allowed to clot for 1 hour at room temperature and was centrifuged at 3,000 rpm for 10 minutes to collect serum for biochemical analysis using an automatic serum analyzer (HITACHI 7060; Hitachi, Tokyo, Japan) and an electrolyte analyzer (EasyLyte PLUS Na/K/Cl Analyzer; Medica Corp, Bedford, MA, USA). We analyzed the total protein (TP) level, albumin (Alb) level, albumin/ globulin ratio, total bilirubin level, alkaline phosphatase level, aspartate aminotransferase level, alanine aminotransferase (ALT) level, creatinine level, blood urea nitrogen level, total cholesterol (T-Cho) level, triglyceride (TG) level, glucose (Glu) level, calcium (Ca) level, inorganic phosphorus (P) level, creatine kinase level, sodium level, potassium level, and chloride (Cl) level.
histopathological examination
Internal organs from all animals were collected at necropsy and fixed in 10% neutral buffered formalin. The testis and epididymis were fixed in Bouin's solution, and the eyes were fixed in Davidson's solution. Histopathological examination was performed only in the tissues from negative control and high-dose groups. The internal organs examined were the liver, kidney, adrenal gland, heart, lung, pituitary gland, spleen, seminal vesicle, testis, ovary, epididymis, prostate gland, uterus, vagina, tongue, trachea, esophagus, thymus, thyroid gland, stomach, small and large intestine, urinary bladder, submandibular gland, eyeball, skin, pancreas, sternum, mammary gland, spinal cord, femur, mesenteric lymph node, and sciatic nerve.
Statistical analysis
Data on the body weights, feed and water consumption, hematological data, blood biochemical data, and organ weights were analyzed for homogeneity of variances using Levene's test. One-way analysis of variance was performed to evaluate the significance of differences. If the variance was homogeneous and the significance of difference was confirmed, Scheffé's multiple comparison test was performed as a post hoc test. If the variance was not homogeneous, the data were analyzed using Dunnett's T3 test. Analysis of the data from recovery groups was performed using Student's t-test. All analyses were performed using SPSS (version 19.0) software (IBM Corporation, Armonk, NY, USA).
Results
14-day DrF study
No moribund or dead animals were observed in the 14-day DRF study of ZnO AE100(−) , but a dead animal was found in the group treated with ZnO AE100 (+) . The animals showed white feces, loss of body weight, and corneal opacity regardless of the surface charge of 100 nm ZnO NPs (data not shown). In addition, histopathological examination showed that the lesions of the stomach and spleen were related to the administration of both test articles (data not shown).
Based on these results, under the conditions of this study in which doses of 500 mg/kg, 1,000 mg/kg, and 2,000 mg/kg of ZnO AE100(−) or ZnO AE100(+) were repeatedly administered by gavage for 14 days in SD rats, the effects of test articles were observed in the 500 mg/kg group, and this was considered to represent toxicity as a result of test article administration.
90-day repeated-dose oral toxicity study Mortality and clinical signs
No deaths were observed in the animals treated with 100 nm ZnO NPs with either surface charge. In addition, salivation and white feces were sporadically observed after administration of both test articles. For example, in the ZnO AE100(−) group, salivation was sporadically observed in the male rats receiving 125 mg/kg on days 35, 63, and 65; in the male rats receiving 500 mg/kg from days 13-63; and in the female rats receiving 500 mg/kg from day 12 to day 87. In addition, in the ZnO AE100(+) group, salivation was observed in the male rats receiving 125 mg/kg on days 19, 48, and 74; in the male rats receiving 500 mg/kg on days 6-80; and in the female rats receiving 500 mg/kg on days 18-47. White feces were observed in the 500 mg/kg groups of both test articles from day 2 until treatment completion in both sexes. Fur loss and scarring were observed in some animals in the male and female groups receiving 500 mg/kg of ZnO AE100(−) , male rats receiving 125 mg/kg of ZnO AE100(+)
, and rats of both sexes receiving 500 mg/kg of ZnO AE100 (+) .
Body weight
No statistically significant differences were observed between the treated rats and their respective control groups in both sexes (Figures 1 and 2 ).
Feed consumption
Feed consumption was significantly increased in males receiving 31.25 mg/kg of ZnO AE100(−) at weeks 12 and 13; in females receiving 125 mg/kg of ZnO AE100(−) at weeks 1, 4, 5, 6, 7, 9, 10, 12, and 13; and in females receiving 500 mg/kg of ZnO AE100(−) at weeks 2-13. In females, feed consumption was increased in the 500 mg/kg group at weeks 1-8 and week 10 and at week 1 during the post-treatment recovery period (Table 1 ). In the study, feed consumption was significantly increased in males receiving 125 mg/kg of ZnO AE100(+) at weeks 5-9, 11, and 12, and those receiving 500 mg/kg of ZnO AE100(+) at weeks 3 and 5-13 and during both weeks of the post-treatment recovery period. In females, feed consumption decreased in the 31.25 mg/kg group at week 7 and increased in the 125 mg/kg group at weeks 7 and 10 and in the 500 mg/kg group at weeks 2, 4, 7-11, and 13 ( Table 2) .
Water consumption
Water consumption significantly increased in males receiving 125 mg/kg of ZnO AE100(−) at weeks 3, 8, 10, 11, 12, and 13 and in males receiving 500 mg/kg of ZnO AE100(−) at weeks 1, 2, 3, and 5-13. Water consumption increased in females receiving 31.25 mg/kg and 125 mg/kg of ZnO AE100(−) at week 4 and in females receiving 500 mg/kg of ZnO AE100(−) at weeks 1, 3, 4, 8, and 9 and during both weeks of the posttreatment period (Table 3) . Water consumption significantly increased in males receiving 31.25 mg/kg and 125 mg/kg of ZnO AE100(+) at week 3 and in females receiving 500 mg/kg of ZnO AE100(+) at weeks 1-4, 6, and 10 and during both weeks of the post-treatment recovery period. In females, water consumption increased in the 31.25 mg/kg group at week 3, in the 125 mg/kg group at weeks 3 and 6, and in the 500 mg/kg group at weeks 2, 4, 6, and 9 (Table 4) .
Urinalysis
No statistically significant changes were observed between the groups treated with ZnO AE100(−) and ZnO AE100(+) and the controls in both sexes.
Necropsy finding
Multifocal light brown colored change was observed in both kidneys and multifocal dark red color change was also observed in the left kidney in the male negative control group. Reduced left seminal vesicle, multifocal black spots on the liver, light brown color change in the head of the spleen, and reduced size of the testis and epididymis were observed in the male vehicle control group. Light yellowish granule-shaped mass in the ventral prostate, reduced right testis, reduced and light brown color change and adhesion with surrounding tissue in the left kidney, enlarged right kidney, red color change in the margin of the right kidney, and dark red color change in the right lateral lobe of the liver were observed in males receiving 500 mg/kg of ZnO AE100(−) . The smaller pituitary gland was observed in females.
The size of the left testis and the left thyroid gland was decreased in the male negative control group. Swollen and yellowish color change in the intestine, light brown color change in the kidney, adhesion to surrounding tissue in the left kidney, and red color change and enlarged submaxillary lymph node were observed (one each) in the female negative control group. In the male vehicle control, reduction in the size of the prostate gland and yellow color change in the right lateral lobe of the liver were observed (one each). In addition, adhesion to surrounding tissues in the spleen, dark red color change in the lung, and light brown Weeks on study a ZnO ae100(−) was orally administered to Sprague Dawley rats at doses of 31.25 mg/kg, 125 mg/kg, and 500 mg/kg for 90 days. The results are presented as mean ± standard deviation. Abbreviations: g1, negative control; g2, vehicle control, g3, 31.25 mg/kg treatment group; g4, 125 mg/kg treatment group; g5, 500 mg/kg treatment group; ZnO, zinc oxide; ZnO ae100(−) , 100 nm negatively charged ZnO.
color change in the left kidney were observed in one animal each in the female vehicle control group. In the group receiving 31.25 mg/kg of ZnO AE100(−) , reduced left seminal vesicle and light brown color change in the right kidney were observed in males and females, respectively. In males receiving 125 mg/kg, light yellowish granule-shaped masses were observed in the ventral prostate in three animals, light brown color change in the liver in two, reduced testis and epididymis in one, and reduced right seminal vesicle in one. In the female 125 mg/kg group, one animal had a light yellow color change in the stomach. The male 500 mg/kg group had light yellowish granule-shaped masses in the ventral Weeks on study a ZnO ae100(+) was orally administered to Sprague Dawley rats at doses of 31.25 mg/kg, 125 mg/kg, and 500 mg/kg for 90 days. The results are presented as mean ± standard deviation. Abbreviations: g1, negative control; g2, vehicle control, g3, 31.25 mg/kg treatment group; g4, 125 mg/kg treatment group; g5, 500 mg/kg treatment group; ZnO, zinc oxide; ZnO ae100(+) , 100 nm positively charged ZnO.
prostate in 13, light brown color change in both kidneys in two, light brown color change in both adrenal glands in one, and cyst at the margin of the right kidney in one. One animal in the female 500 mg/kg group showed a red color change in the left lobe in the liver and a light brown color change in the rest of the liver and kidney.
Organ weight
Compared with the control groups, the females in the recovery group receiving 500 mg/kg of ZnO AE100(−) showed an increase in the absolute weight of the submandibular gland. Compared with the control groups, the group of females receiving 500 mg/kg of ZnO AE100(+) study showed a significant increase in the absolute and relative weight of the liver (Table 5 ). The males in the 500 mg/kg group showed a significant increase in the relative adrenal gland weight, and the absolute spleen weight decreased during the post-treatment recovery period (Table 6 ).
hematological analysis
The MCV and Hb levels were significantly lower in male rats receiving 125 mg/kg ZnO AE100(−) than in control rats. Although the Hb, MCV, MCH, and MCHC levels were significantly lower, the number of eosinophils was significantly greater in the male and female rats receiving 500 mg/kg of ZnO than in the control groups. In addition, total erythrocyte count significantly decreased in male rats receiving 500 mg/kg of ZnO AE100 (−) . The number of eosinophils was significantly higher in males receiving 125 mg/kg of ZnO AE100(+) than in the control group. Similar to the findings observed with ZnO AE100(−)
, ZnO AE100(+) significantly decreased the Hb, MCV, MCH, and MCHC levels in the males and females receiving 500 mg/kg compared with those in the control groups. Compared with the control group, the group of male rats receiving 500 mg/kg ZnO AE100(+) showed significantly decreased Ht level and prothrombin time but significantly increased thrombocyte counts. The total white blood cell and thrombocyte counts were significantly increased in the female 500 mg/kg group compared with those in the control group (Table 7) .
During the post-treatment recovery period, total erythrocyte counts significantly increased, regardless of the surface charges of ZnO NPs, but monocyte counts, MCV, and MCH significantly decreased in the 500 mg/kg groups in both sexes compared with those in the control groups. In addition, neutrophil counts and activated partial thromboplastin time significantly increased, but lymphocyte counts, Hb level, and MCHC significantly decreased in the male rats receiving 500 mg/kg of ZnO AE100(−) compared with those in the control groups (Table 8 ).
Blood biochemical analysis
Compared with the control groups, the group of male rats receiving 31.25 mg/kg of ZnO AE100(−) showed significantly decreased blood urea nitrogen levels and those receiving 125 mg/kg showed significantly decreased Alb levels. ALP and P levels were significantly higher in the male group of rats receiving 500 mg/kg of ZnO AE100 (−) . In the female 500 mg/kg ZnO AE100(−) group, the levels of TP, Alb, and Glu significantly decreased, but the Cl level significantly increased compared with those in the control groups. Similarly, in the male 500 mg/kg group of ZnO AE100(+)
, the levels of TP, Alb, and Glu significantly decreased, but the P level significantly increased compared with those in the control groups. In addition, compared with the control groups, the female 500 mg/kg group showed significantly decreased levels of TP, Alb, T-Cho, and Ca but significantly increased levels of ALP, creatine kinase, and Cl. TP and Ca levels were significantly lower in the female 31.25 mg/kg group, and TP level was significantly lower in the female 125 mg/kg group than that in the control groups (Table 9 ).
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Kim et al Table 3 Water consumption for rats in the 90-day gavage study of negatively charged 100 nm zinc oxide nanoparticles* During the post-treatment recovery period of the group treated with ZnO AE100(−) , the levels of aspartate aminotransferase, ALT, and TG significantly decreased in the male 500 mg/kg group. In the female 500 mg/kg group, T-Cho and TG levels significantly decreased, but the ALT level markedly increased compared with that in the control groups. In addition, in the ZnO AE100(+) group, P level increased in the male 500 mg/kg group, and ALP level and albumin/globulin ratio significantly increased in the female 500 mg/kg group compared with those in the control groups (Table 10) .
histopathological observation
Regardless of the surface charge of ZnO NPs, squamous cell hyperplasia and vacuolation in nonglandular stomach, intracytoplasmic hyaline droplet, submucosal edema and inflammation, eosinophilic chief cell, and mucous cell hyperplasia in glandular stomach were observed in the 500 mg/kg groups of both sexes (Figures 3 and 4) . Acinar cell apoptosis and chronic inflammation in the pancreas, retinal atrophy in the eye, and suppurative inflammation in the prostate gland were also observed in the 500 mg/kg groups of both sexes (Figures 5-7) . As significant lesions in the stomach, pancreas, eye, and prostate gland were observed in the 500 mg/kg groups, these organs were also examined in the 31.25 mg/kg and 125 mg/kg groups. In the stomach, most lesions observed in the 500 mg/kg group were observed in the 31.25 mg/kg and 125 mg/kg groups and they exhibited dose dependency. The suppurative inflammatory lesion in the prostate gland, which was observed in the 500 mg/kg group, was also observed in the 31.25 mg/kg and 125 mg/kg groups. The lesion of retinal atrophy in the eye was observed in only one animal in the male 125 mg/kg group. However, in the pancreas, most lesions observed in the 500 mg/kg group were not observed in the 31.25 mg/kg and 125 mg/kg groups (data not shown).
Discussion
The present study was performed (the repeated-dose 90-day oral toxicity study of two types of 100 nm ZnO NPs, ZnO AE100 [−] and ZnO AE100 [+] ) to investigate different toxic effect(s) of surface charge and to determine the NOAEL and target organs in SD rats.
Two test articles, ZnO AE100(−) and ZnO AE100(+)
, were administered by gavage in male and female SD rats at the doses of 500 mg/kg, 1,000 mg/kg, and 2,000 mg/kg for 14 days in a DRF study. Because significant changes in the 500 mg/kg groups were observed only in the treatment groups, these changes were considered to be treatment related. On the basis of the DRF studies of both test articles, 31.25 mg/kg, 125 mg/kg, and 500 mg/kg were selected as the three dose levels for the 90-day repeated study.
Repeated oral administration of ZnO AE100(−) or ZnO AE100(+) in the 90-day toxicity study did not result in death at any dose. Clinical signs, including salivation, fur loss, and scarring, were observed in the 125 mg/kg and 500 mg/kg groups of ZnO AE100(−) and ZnO AE100(+) , and white feces were commonly
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Kim et al Table 5 Organ weight and organ-weight-to-body-weight ratios of main groups in the 90-day gavage study of 100 nm zinc oxide nanoparticles* observed in groups treated with 500 mg/kg of test articles. However, these signs are not considered to be treatment related because they did not show consistent dose dependency during the experimental period and occurred sporadically. No significant changes were observed in body weight between the treatment groups and their respective control groups, regardless of the surface charge. Compared with the control groups, the female 500 mg/kg groups of ZnO AE100 (−) and ZnO AE100(+) showed an increase in the absolute weights of the submandibular gland and liver, respectively. In addition, the relative adrenal gland weight and absolute spleen weight significantly changed in the male 500 mg/kg groups during the post-treatment recovery period. A significant increase in feed consumption was observed in the males receiving 31.25 mg/kg and 125 mg/kg of ZnO AE100(−) and in the females receiving 500 mg/kg of ZnO AE100(−) , and in both sexes receiving 125 mg/kg and 500 mg/kg of ZnO AE100(+) . In addition, a large increase was observed in water consumption in both the male and female 125 mg/kg and 500 mg/kg groups of ZnO AE100(−) and ZnO AE100(+) compared with that in the control groups. However, these changes in feed and water consumption did not show any dose dependency and were observed sporadically. Therefore, these are not considered to be toxic effects, because they did not relate to changes in body weight and organ weight.
The changes in hematological and blood biochemical analysis were commonly observed in the 500 mg/kg groups of both sexes of ZnO AE100(−) and ZnO AE100(+) compared with in their respective control groups. MCV, MCH, and MCHC significantly decreased after administration of both test articles, including the 2-week recovery period. TP and Ab levels also decreased. These significant decreases in hematological and blood biochemical molecules are considered to be related to the administration of ZnO AE100 (−) or ZnO AE100(+) . Recently, Yan et al 11 reported that a high zinc diet resulted in iron deficiency anemia and this zincinduced anemia was related to a decrease in the levels of Hb, Ht, MCV, and MCH, which was similar to the findings observed in our study. Similarly, 13-week oral administration of 40 nm ZnO NPs in SD rats induced significant changes in anemia-related parameters such as Hb levels, Ht levels, MCV, and MCH. 21 Overdosing of metallic zinc
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repeated-dose 90-day oral toxicity of 100 nm zinc oxide nanoparticles Table 7 hematology data of main groups in the 90-day gavage study of 100 nm zinc oxide nanoparticles* or zinc salt in humans resulted in hemorrhaging, which reduced critical blood markers, and finally it led to gastrointestinal damage. 22 Moreover, long-term supplementation of zinc in humans can cause anemia, which results from copper deficiency. [23] [24] [25] [26] On the basis of results from previous studies and those obtained in our study, it could be suggested that long-term exposure to ZnO NPs might lead to anemia.
Histopathological examination showed prominent changes in the stomach, eye, and pancreas compared with those in the negative and vehicle control groups. Squamous cell hyperplasia and vacuolation in nonglandular stomach and intracytoplasmic hyaline droplet, submucosal edema and inflammatory cell infiltration, and mucous cell hyperplasia in glandular stomach were considered to be treatment related because these changes were dose dependent and/or appeared prominently compared with those in the negative and vehicle controls. However, because these changes in the stomach induced by ZnO AE100(−) or ZnO AE100(+) tended to return to normal during the recovery period, we speculated that they were less likely to cause functional disturbances. Similar to our results, the results of acute toxicity studies of nanosized ZnO powders showed that oral administration of ZnO NPs caused slight pathological damages in the stomach in mice. 27, 28 Another 14-day oral toxicity study of 20 nm ZnO NPs in SD rats showed that the NPs induced inflammatory cell infiltration in the stomach. 13 As compared with our observation, these short-term studies showed that histopathological changes in the stomach were occurring only in serosa or submucosa layer not in other layers. However, we found various lesions in the overall area of the stomach, such as granular stomach, fore stomach, and limiting ledge of the stomach; thus, we speculated that these changes were induced by continuous oral administration of ZnO NPs.
In addition, we found acinar cell apoptosis and chronic inflammation in the pancreas in the male and female groups receiving 500 mg/kg of both test articles. These lesions in the pancreas were resolved during the recovery period, but they are considered to be toxicologically significant because they seemed to be severe enough to induce functional abnormalities. In relation to our observation, oral administration of 40 nm ZnO NPs for 13 weeks in rats caused pancreatitis associated with focal lymphocyte infiltration and mild acinar cell apoptosis. 20 Chronic inflammatory cells in the pancreas were found in mice treated with 20 nm and 120 nm ZnO NPs in a 14-day oral toxicity study. 28 We also observed the suppurative inflammation in the prostate gland in males receiving 500 mg/kg and retinal atrophy in the eye in both sexes receiving 500 mg/kg of both test articles. In particular, lesions in the eye are considered to be caused by treatment of the test articles similar to that observed in the incidence and severity in recovery groups. These lesions in the prostate gland and the eye were not observed in the 14-day DRF study, and have never been reported in any other in vivo studies of oral administration of ZnO NPs. In relation to inflammation in the prostate gland, only Khan et al 29 reported that a two-generation reproductive toxicity study of ZnCl 2 in rats showed the reduction of prostate weight and induction of reproductive tract lesions. Recently, some in vitro studies reported that ZnO NPs led to cell damage and induced apoptosis or necrosis in rat retinal ganglion cells. 30, 31 It is known that lesions are usually mixtures of acute and chronic changes in the repeated-dose toxicity studies, as the articles were treated daily for a long period. In general, acute lesions mean changes induced within a few days after the administration, such as cellular degeneration, apoptosis, necrosis, and acute inflammation, which are infiltrated mainly with polymorphic nuclear cells. On the other hand, chronic lesions include chronic inflammation, fibrosis, and proliferative lesions such as hyperplasia and neoplasia. Chronic inflammation usually shows infiltration of mononuclear cells, fibroblasts, and fibrocytes. Moreover, these chronic lesions are observed in our histopathological examination. Therefore, considering results from our previous studies, we speculated that inflammatory damages in the pancreas, prostate gland, and eye resulted from continuous irritation caused by both test articles, ZnO AE100(−) or ZnO AE100(+) . Although not many in vivo studies of ZnO NPs have been performed, some studies have reported that nanotoxicity of ZnO NPs might result from oxidative stress. For example, oral administration of 30 nm ZnO NPs resulted in an accumulation of ZnO and induced oxidative stress, which was mediated by DNA damage and apoptosis. 10 After ZnO NPs were administrated orally to rats for 14 days, they impaired mitochondria and cellular membranes in the kidneys. 
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repeated-dose 90-day oral toxicity of 100 nm zinc oxide nanoparticles Table 9 Blood biochemistry data of main groups in the 90-day gavage study of 100 nm zinc oxide nanoparticles* Abbreviations: a/g ratio, albumin/globulin ratio; alP, alanine aminotransferase; aP, alkaline phosphatase; aSP, aspartate aminotransferase; T-cho, total cholesterol; Tg, triacylgycerol; P, inorganic phosphorus; ZnO, zinc oxide; ZnO ae100(−) , 100 nm negatively charged ZnO; ZnO ae100(+) , 100 nm positively charged ZnO.
these histopathological changes was oxidative stress induced by ZnO NP treatment.
As compared with our observations of ZnO NPs according to surface charge, we did not find any difference in the tendency and degree of the lesions. As the solubility of ZnO NPs is one of the important factors in this toxicity study, it should be verified whether the coated ZnO NPs remained in NP form in the course of the study or dissociated in the gastric conditions. Paek et al 31 reported that ZnO NPs coated with L-serine and citrate, which have the same physicochemical properties as the test articles in the present study, were partially dissolved in gastric fluid (about 13%-14%), and it was not affected by their size and charge. Moreover, they showed that the behavior of oral zinc ions (ZnCl 2 ) was different from that of oral ZnO NPs with different surface charge. Thus, it might be suggested that pH buffering resulted in partial dissolution of ZnO NPs, and it did not significantly affect the nanoparticulate property of ZnO NPs. As regards the toxic effect of surface chemistry of ZnO NPs, only a few studies have been reported. 
Conclusion
In this study, 100 nm ZnO NPs with different surface charges (ZnO AE100 [−] and ZnO AE100 [+] ) at doses of 31.25 mg/kg, 125 mg/kg, and 500 mg/kg were repeatedly administered by gavage for 90 days in SD rats. The effects induced by ZnO NPs included salivation, white feces, statistically significant changes in feed and water consumption, and hematological analysis after the administration. In addition, histopathological findings included squamous cell hyperplasia and vacuolation in nonglandular stomach, intracytoplasmic hyaline droplet, submucosal edema, inflammatory cell infiltration and mucous cell hyperplasia in the glandular stomach, chronic inflammation and acinar cell apoptosis in the pancreas, suppurative inflammation in the prostate gland, and retinal atrophy in the eye. Thus, the target organs for the test articles are considered to be the stomach, pancreas, eye, and prostate gland. Significant toxic effects were observed in both sexes at doses greater than 125 mg/kg; therefore, the NOAEL of both test articles, ZnO AE100(−) and ZnO AE100(+) , was considered to be 31.5 mg/kg for both sexes.
